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Leveraging the quantum information process-
ing ability of superconducting circuits and long-
distance distribution ability of optical photons
promises the realization of complex and large-
scale quantum networks. In such a scheme, a
coherent and efficient quantum transducer be-
tween superconducting and photonic circuits is
critical. However, such quantum transducer is
still challenging since the use of intermediate exci-
tations in current schemes introduces extra noise
and limits bandwidth. Here we realize direct and
coherent transduction between superconducting
and photonic circuits based on triple-resonance
electro-optics principle, with integrated devices
incorporating both superconducting and optical
cavities on the same chip. Electromagnetically
induced transparency is observed, indicating the
coherent interaction between microwave and op-
tical photons. Internal conversion efficiency of
25.9 ± 0.3% has been achieved, with 2.05 ± 0.04%
total efficiency. Superconducting cavity electro-
optics offers broad transduction bandwidth and
high scalability, and represents a significant step
towards the integrated hybrid quantum circuits
and distributed quantum computation.
Introduction
The hybrid approach of combining superconducting
and photonic quantum technologies promises to realize
large scale quantum networks [1–4]. In superconducting
quantum circuits, the low-loss single quanta nonlinear-
ity at microwave frequencies inherent to Josephson effect
allows efficient and fast quantum operations [5]. How-
ever, it is challenging to directly transmit quantum states
at microwave frequencies over long distance due to the
high attenuation and thermal noise at room tempera-
ture. On the other hand, optical photons show comple-
mentary features. The weak single photon nonlinearity
prevents the development of high fidelity quantum gates
at optical frequency [6]. However, low decoherence and
dissipation rates make optical photons the ideal informa-
tion carrier for quantum communication [2, 3]. As a re-
sult, it is beneficial to develop hybrid quantum platform
where quantum information is processed by supercon-
ducting circuits, and transmitted with optical photons.
Thus, the quantum transducer which can coherently in-
terface superconducting and photonic circuits with high
conversion efficiency is highly demanded [7–20].
Coherent conversion of photons between microwave
and optical frequencies has been proposed utilizing vari-
ous intermediate excitations, including collective spin in
atom ensembles [18], phonon in electro-optomechanics
[7–10], and magnon in magneto-optics [19, 20]. Cur-
rently, the highest conversion efficiency is demonstrated
based on electro-optomechanical systems where a com-
pliant mechanical resonator couples to microwave and
optical cavities simultaneously [7]. The use of interme-
diate low-frequency (MHz) excitations inevitably intro-
duces extra noise channels, limits conversion bandwidth,
and complicates operation with impedance matching be-
tween optical and microwave ports. The electro-optic
approach can overcome these obstacles by excluding in-
termediate excitations in the conversion process, as pro-
posed by Tsang recently [12, 13]. Great improvement of
electro-optic coupling strength is proposed by Javerzac-
Galy et al. utilizing coplanar microwave structure and
integrated optical resonators, showing the feasibility of
near-unity conversion efficiency with practical device pa-
rameters [15]. Even though the conversion efficiency of
electro-optical systems has been improved dramatically,
it is still limited to ~0.1% due to the large ohmic loss of
non-superconducting material, and small coupling rates
resulting from large mode volumes [16]. Moreover, the
coherence and bidirectionality of the conversion process
remain to be proved.
In this paper, we report the experimental demonstra-
tion of the coherent conversion between microwave and
optical photons based on the electro-optic effect within
a hybrid superconducting-photonic device, where pla-
nar superconducting resonators are integrated with alu-
minum nitride (AlN) optical cavities on the same chip.
We observe the electromagnetically induced transparency
effect in electo-optic systems, as a signature of coherent
conversion between microwave and optical photons. In-
ternal conversion efficiency of 25.9 ± 0.3% and on-chip
efficiency of 2.05 ± 0.04% are realized. A major chal-
lenge we have addressed is to realize the energy and phase
conservation of the triple-resonance condition with ultra-
small mode volumes, boosting the pump photon number
and vacuum coupling rate simultaneously to enhance the
coherent conversion. Moreover, our device is ready to in-
corporate other superconducting and photonic quantum
devices on the same chip, providing the scalable platform
for hybrid quantum network.
Results
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2Figure 1. Coherent conversion with cavity electro-
optics. (A) Schematic of cavity electro-optic systems. The
optical cavity is made of materials with Pockel nonlinearity
(χ(2)), and placed in the capacitor of the LC circuit. At the
same time, optical and microwave cavities are coupled to op-
tical and microwave bus waveguides respectively. (B) Inte-
grated superconducting cavity electro-optic device. The red
part is the optical cavity and coupling waveguide, and the yel-
low part is the superconducting microwave cavity. A buffer
layer (semi-transparent) is placed between optical devices and
the superconducting cavity to prevent metallic absorption of
optical photons. (C) Diagram of frequencies in the conver-
sion process. Strong control light is applied to the TE optical
mode (pump mode), and photons can be converted between
the microwave mode and TM optical mode (signal mode).
Microwave photons are converted to optical photons through
sum frequency generation, and optical photons are converted
to microwave photons through difference frequency generation
as shown in insets. The mode distribution in the cross-section
is shown for the microwave mode (D), TE optical mode (E),
and TM optical mode (F). Arrow direction and length rep-
resent the electric field direction and strength in log scale
respectively. Colors in (D) represent the voltage distribution,
and colors in (E) and (F) represent the energy density. In
simulation, the optical waveguide is 2µm wide and 800 nm
thick, and the sidewall angle is 8deg. The distance between
microwave electrodes is 2.8µm. The material boundary is
plotted in grey.
The principle of quantum transducers based on super-
conducting cavity electro-optics is illustrated in Fig. 1A.
The optical cavity, consisting of materials with Pockel
nonlinearity, is placed inside the capacitor of the LC mi-
crowave resonator. The electric field across the capacitor
changes the refractive index of the optical cavity, thus
modulates the optical resonant frequency. Reversely,
modulated optical fields can generate microwave field due
to the optical mixing (rectification) in Pockels materials
[21]. To implement the quantum transducer, we use inte-
grated optical microring cavities made of AlN, which sup-
ports low loss optical modes and provides high electro-
optic coefficients simultaneously [22] (Fig. 1B). Supercon-
ducting microwave resonators are placed on top of a thin
buffer layer, and the capacitor shape is designed to match
the optical cavity to maximize the field overlap between
microwave and optical modes [15, 17].
We employ the triple-resonance scheme to enhance the
coupling as shown Fig. 1C, with the interaction Hamilto-
nian written as
HI = ~geo(ab†c+ a†bc†)
where a, b, c are the annihilation operators for the op-
tical pump and signal modes, and microwave mode re-
spectively, and geo is the vacuum electro-optic coupling
rate. Cavity electro-optic systems with triple resonances
have been proposed and demonstrated recently [15, 16].
However, the device geometry is limited to above several
millimeters, as the pump and signal optical modes are
from the same mode group, and the free spectral range
(FSR) needs to match the microwave frequency. Large
mode volume inevitably leads to small vacuum coupling
rate, thus low conversion efficiency (Supplementary Sec-
tion I). In contrast, our integrated approach uses the
transverse-electric (TE) and transverse-magnetic (TM)
optical modes as pump and signal modes respectively
(Fig. 1E & F), whose frequency difference equals the mi-
crowave frequency [23–26]. Thus the device size and
mode volume can be further reduced without the lim-
itation imposed by FSR. In this case, r13 electro-optic
coefficient is used, which also enables the use of TE-
polarized microwave mode, thus the heterogeneous in-
tegration of planar microwave resonators with optical
cavities (Fig. 1D). During experiments, a strong coherent
field is applied to the pump mode (a) to stimulate the co-
herent coupling between signal mode (b) and microwave
mode (c), and photons can be bidirectionally converted
between optical and microwave frequencies with on-chip
efficiency
η = κb,ex
κb
κc,ex
κc
4C
(1 + C)2 , (1)
where κb,ex, κb, κc,ex, κc are the external coupling and
total loss rates for signal and microwave modes respec-
tively, and C = 4nag
2
eo
κbκc
is the cooperativity with na the
photon number in the pump mode (Supplementary Sec-
tion I).
In experiments, the optical cavity is fabricated from an
AlN layer on a silicon dioxide cladding on silicon wafer
(Fig. 2A). The optical ring cavity has a radius of 120µm,
and cross-section of 2.0µm×0.8µm (See Supplementary
Section II for fabrication procedure and device cross-
section). An azimuthal number difference of 1 between
the pump and signal optical modes is chosen to miti-
gate the optical mode mixing induced by the non-vertical
waveguide sidewalls (See Supplementary Section III for
3Figure 2. Integrated superconducting cavity electro-optic device. (A) Optical image of the superconducting cavity
electro-optic device. The scale bar is 100µm. (B) TE optical spectrum with different DC voltages. The azimuthal number
difference between the TE and TM optical modes is 1. The mode anti-crossing gap is 2gx ∼ 6.1GHz, and the original dissipation
rates for TM and TE optical modes without optical mode mixing are 190MHz and 480MHz, respectively. (C) TE optical
spectrum with DC voltages of -400V (green), 300V (red), 900V (orange), corresponding to the green, red, and orange dash
lines in (B) respectively. (D) Schematic of the microwave resonator and electric field distribution of the microwave mode, as
well as the equivalent circuit. (E) Measured reflection spectrum of the microwave cavity.
the identification of azimuthal number difference, and
Supplementary Section IV for the influence of TE/TM
mode mixing). In Fig. 2B, we present the transmission
of TE input light, where mode anti-crossing is observed
arising from the structural asymmetry and fabrication
imperfection. As TE and TM optical modes have oppo-
site electro-optic coefficients, DC voltage is applied across
the device to tune the frequency difference precisely in
a wide spectrum range. Compared with using optical
modes from the same group [15, 16], the large frequency
tuning range of our device makes it easy to accommodate
different microwave frequencies within a single device.
The microwave resonator is made of NbTiN supercon-
ducting film with critical temperature around 14 K. The
device is placed in a cryostat and cooled down to 2K, and
the device surface is covered by superfluid helium to in-
troduce fast heat dissipation [27]. To allow electro-optic
phase matching, it is important to shape the microwave
resonator to have azimuthal number of 1, to match the
azimuthal number difference between the pump and sig-
nal modes (Fig. 2D & Supplementary Section V). The
capacitance part of the microwave resonator has a radius
of 120µm to match the optical cavity, and the distance
between electrodes is 2.8µm. Each inductance arm has
a length of 1.5 mm, allowing far-field magnetic coupling
to an off-chip loop probe for broadband microwave sig-
nal input and readout. The microwave mode has res-
onance around ωc/2pi = 8.31 GHz with the decay rate
of κc/2pi = 0.55 MHz at 2 K (Fig. 2E). When the DC
voltage is tuned to 297 V, the frequency difference be-
tween pump and signal modes is also around 8.31 GHz
(Fig. 2C). Therefore, the phase matching and energy con-
servation are fulfilled simultaneously.
The coherent conversion of our device is first charac-
terized with optical reflection spectrum. Strong control
light is applied to the pump mode, and a weak probe
light, derived from the control light by single side-band
modulation, is sent to the signal mode (Supplementary
Section VI). No obvious temperature change of the su-
perconducting microwave resonator is observed (Supple-
mentary Section VII). Figure 3A presents the probe light
transmission spectrum sweeping across the signal mode,
with a fixed control light on resonance with the pump
mode. By tuning the DC voltage, the broad Lorentzian
4Figure 3. Electromagnetically induced transparency with cavity electro-optics. (A) Measured optical reflection
spectrum as a function of the modulation frequency. (B) Zoom-in of the optical reflection spectrum centered at the transparency
window. Each spectrum in (A) and (B) corresponds to a different DC voltage, thus different frequency detuning between pump
and signal modes. Spectrums are offset for clarity. (C) Transparency window with the control light power of 8 dBm (blue),
5 dBm (orange), and 0 dBm (green). Circles are measured data, and solid lines are fitted spectra with Eq. S13 in Supplementary
Section I. (D) Cooperativity and internal conversion efficiency versus control light power. The blue, orange, and green points
correspond to the blue, orange, and green curves in (C) respectively. Grey lines are the fitted result based on measured data.
dip corresponding to the signal mode is shifted, with a
sharp modification of the spectrum at a fixed frequency
ω = ωc. This modification originates from the destruc-
tive interference between two pathways for the probe
light: directly passing through the optical cavity, and
converting to microwave photons and then back to opti-
cal photons [28, 29]. As shown in the enlarged spectrum
(Fig. 3B), when the signal mode frequency matches ωc,
there is a sharp transparency window, with the band-
width equal to (1 + C)κc = (0.59 ± 0.01) MHz. If the
signal mode is detuned, the interference gives an asym-
metric Fano-shape spectrum. By fitting the transparency
window, the conversion cooperativity can be extracted,
and internal conversion efficiency can be inferred (Fig. 3C
& D) [30]. An internal efficiency as high as (25.9±0.3)%
is achieved with our device under 8 dBm control light
power (14 dBm total off-chip optical power with 6 dB
insertion loss).
The bidirectional conversion is characterized by mea-
suring the complete conversion matrix (Fig. 4A) with the
DC voltage fixed at 297 V. By injecting the optical
probe and monitoring the microwave output, we mea-
sure the microwave-to-optical coefficient Soe, which is
a Lorentzian lineshape centered at the microwave res-
onant frequency (Fig. 4C). The optical-to-microwave co-
efficient Seo is measured by reversing the input and out-
put signal, which has the same spectrum shape with
microwave-to-optical coefficient Soe, indicating that the
conversion is bidirectional (Fig. 4D). The optical and mi-
crowave reflection spectra are also measured for calibra-
tion (Fig. 4B & E), and the on-chip efficiency is estimated
to be (2.05± 0.04)% (Supplementary Section VIII). The
main noise source during the conversion process is the
thermal excitation of the microwave cavity, which can
be reduced by working at lower temperature. And the
noise generated by the parametric amplification process
is negligible because of the deep resolved sideband con-
dition (Supplementary Section IX).
Discussion
An ideal quantum transducer demands the coherent
conversion efficiency approaching 100%, when the coop-
erativity equals unity and both microwave and optical
modes are deeply over-coupled. By optimizing the fabri-
cation process and material properties, the efficiency of
our device can be further increased. For instance, optical
quality factors above 2 million have been demonstrated
with single crystalline AlN [31], therefore intrinsic loss
for optical modes can be reduced to κb,i = 2pi×100MHz.
Then, pump photon number can be increased by ~100
times with the same pump power, and the enhanced cou-
pling rate geo can reach 16 MHz. With an improved mi-
crowave intrinsic loss rate of κc,i = 2pi × 10 kHz [32], for
example by using sapphire substrate, the optimal on-chip
efficiency exceeding η = 92% can be achieved by choosing
the external optical coupling rate κb,ex = 2pi × 2.9 GHz
5Figure 4. Bidirectional Frequency Conversion. (A)
Schematic showing the full conversion process. The optical
reflection Soo (B), microwave-to-optical conversion Soe (C),
optical-to-microwave conversion Seo (D), and microwave re-
flection See (E) are measured in order to calibrate the on-chip
conversion efficiency. The control light power is 8 dBm, and
the DC voltage is 297V. All conversion matrix coefficients are
normalized to the RF output power of the network analyzer
(Supplementary Section VI).
and microwave coupling rate κc,ex = 2pi × 0.29 MHz.
Therefore, with future development of single crystalline
AlN on sapphire system and its adaption for super-
conducting resonators, the approach presented here is
promising to realize high fidelity quantum state trans-
duction between superconducting and photonic circuits.
Conclusion
We have demonstrated the coherent photon transduc-
tion between integrated superconducting and photonic
circuits. High transduction efficiency is realized based
on triple-resonance electro-optics principle. Besides high
efficiency, low noise, and large bandwidth, the large fre-
quency tunability makes it easy to interface with differ-
ent quantum systems, and the planar structure allows the
circuit-level integration of different quantum devices. All
these features not only make our device an ideal quan-
tum transducer, but also provide a scalable platform to
synthesize different quantum systems, paving the route
towards large scale hybrid quantum networks.
Materials and Methods
Polycrystal AlN film preparation The 800 nm AlN
film is grown on a Si wafer with 2-µm-thick SiO2 layer
by the radio frequency magnetron reactive sputtering,
using pure aluminum (99.999%) targets in an argon and
nitrogen gas mixture. The sputtered AlN film is poly-
crystal with c-axis highly oriented perpendicular to the
substrate. As AlN has wurtzite crystal structure, the
electro-optic coefficient has no direction dependence in
the plain perpendicular to c-axis. Thus the r13 coefficient
in the sputtered AlN film can be used without considering
the in-plain crystal direction change [22].
NbTiN film preparation NbTiN films are sputtered
by the RF magnetron method at room temperature us-
ing 70% Nb and 30% Ti alloy target in an argon and
nitrogen gas mixture. Amouphous NbTiN film is formed
uniformly on the surface, and the superconducting criti-
cal temperature Tc around 13.8 K is achieved.
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I. THEORY OF CAVITY ELECTRO-OPTICS AND ITS UTILITY FOR MICROWAVE-TO-OPTICAL
CONVERSION
The electro-optic effect is a second-order nonlinear process [30], thus the interaction Hamiltonian can be written as
HI = ~geo(a+ a†)(b+ b†)(c+ c†) (S.1)
where a, b, and c are the Bosonic annihilation operators for the two optical modes and microwave mode respectively,
and geo is the vacuum electro-optic coupling strength. As the optical frequency is much higher than the microwave
frequency and geo, the counter rotating terms a†b† + ab is neglected. Thus, the interaction Hamiltonian becomes
HI = ~geo(ab† + a†b)(c+ c†) (S.2)
And the vacuum coupling strength geo can be expressed as
~geo = −
∫
(εa,iεb,jrijk) · (ua,iu∗b,juc,k)dxdydz
8pi√ε0
∏
l=a,b,c
√∫
εl,iu∗l,iul,idxdydz/~ωl
. (S.3)
Here εl,i and ul,i (l ∈ {a, b, c}, i ∈ {x, y, z}) denote relative permittivity and electric field components respectively, ωl
is the angular frequency, rijk is the electro-optic component, and Einstein summation convention is used.
If we consider a ring structure with radius R, the field distribution of optical whispering gallery modes and mi-
crowave modes in the cylindrical coordinator can be expressed as ul,i (r, z, θ) = ul,⊥,i (r, z) e−imlθ with l ∈ {a, b} and
uc,i (r, z, θ) =
∑
mc
xc,mcuc,mc,⊥,i (r, z) e−imcθ, respectively, where ml is the azimuthal number, and xc,m indicates the
contribution of different azimuthal numbers for microwave modes. Thus the vacuum coupling rate is
~geo =
√
1
2piε0R
∫
(εa,iεb,jrijk) · (ua,⊥,iu∗b,⊥,juc,mc,⊥,k)drdz
8pi
∏
l=a,b,c
√∫
εl,iu∗l,⊥,iul,⊥,idrdz/~ωl
× xc,mc . (S.4)
with mc = mb − ma. The expression indicates that the microwave field should have non-zero coefficient for the
azimuthal number mc = mb −ma.
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Figure S1. Calculated internal conversion efficiency.
If mode a is coherently driven with a strong pump, the system Hamiltonian in the resolved sideband regime will
become
H = ~ωaa†a+ ~ωbb†b+ ~ωcc†c+HI + i
√
κa,exPa
~ωp
(a†e−iωpt − aeiωpt) (S.5)
where Pa , ωp, and κa,ex are the pump power, pump frequency, and external coupling rate of mode a, respectively.
For a strong coherent pump field, mode a is in steady state and the backaction from the system to the pump mode
is negligible, thus we can treat the pump mode as a complex number
〈a〉 =
√
κa,ex
κ2a/4 + δ2a
×
√
Pa
~ωp
eiφ, (S.6)
with the corresponding pump cavity photon number
na =
〈
a†a
〉
= |〈a〉|2 (S.7)
Here δa = ωa−ωp is the pump detuning, κa = κa,ex +κa,i is the total decay rate, κa,i is the intrinsic loss rate of mode
a, and φ is the pump phase. Choosing the pump phase φ = 0 and the pump mode frequency close to ωb − ωc, the
system Hamiltonian in the rotation frame of ~ωpb†b under rotating-wave approximation (RWA) can be simplified to
H = ~δbb†b+ ~ωcc†c+ ~G(b†c+ bc†) (S.8)
with G = 〈a〉 geo = √nageo, which is the enhanced coupling rate, and δb = ωb − ωp. Equation (S.8) has the form of
a linear beam splitter Hamiltonian, allows the coherent state transfer between mode b and mode c, which has the
potential for quantum state transfer between microwave and optical frequencies. The equation of motion including
the input and output of mode b and c can be written as
d
dt
b = −(iδb + κb2 )b− iGc+
√
κb,exbine
−iδb,int (S.9)
d
dt
c = −(iωc + κc2 )c− iGb+
√
κc,excine
−iωc,int (S.10)
bout = bin −√κb,exb (S.11)
cout = cin −√κc,exc (S.12)
where bin and cin denote the input signals, δb,in = ωb,in − ωp and ωc,in are the angular frequency of inputs, κb and κc
are the total decay rates, κb,ex and κc,ex represent the external coupling rate of mode b and c, respectively. Solving
Eqs. (S.9) - (S.12) in steady state, we can get the relationship between the input and output of mode b and c as
(
bout
cout
)
=
 1−
κb,ex
i(δb−δb,in)+κb2 + G
2
i(ωc−δb,in)+
κc
2
−iG√κb,exκc,ex
G2+[i(ωc−ωc,in)+κc2 ][i(δb−ωc,in)+
κb
2 ]
−iG√κb,exκc,ex
G2+[i(δb−δb,in)+κb2 ][i(ωc−δb,in)+κc2 ]
1− κc,ex
i(ωc−ωc,in)+κc2 + G
2
i(δb−ωc,in)+
κb
2
(bincin
)
. (S.13)
Thus, the bidirectional conversion efficiency can be written as
η = |bout
cin
|2 = |cout
bin
|2 = κb,ex
κb
κc,ex
κc
4C
|C + (1 + 2i(δb−ω)κb )(1 +
2i(ωc−ω)
κc
)|2
(S.14)
S3
Figure S2. SEM picture of the cross section of a superconducting cavity electro-optic device. AlN (red) is
covered with SiO2 (grey), and NbTiN (yellow) is sputtered on top of SiO2. The device shown in the SEM
picture has a different waveguide width (3µm) with the one used for experiment (2µm). The scale bar is 1µm.
where C = 4G2κbκc is defined as the system cooperativity, and ω is the input signal angular frequency. The maximum
conversion is reached when ω = ωc and the pump frequency matches the frequency difference between mode b and c
(ωp = ωb − ωc), and the on-chip conversion efficiency is
η = κb,ex
κb
κc,ex
κc
× 4C(1 + C)2 . (S.15)
with conversion bandwidth (1 + C)κc. As we can see from Eq. (S.15), the conversion efficiency consists of two parts:
the cavity extraction efficiency which is κb,exκb
κc,ex
κc
, and the internal conversion efficiency which is
ηi =
4C
(1 + C)2 . (S.16)
Figure S1 plots the achievable internal conversion efficiency dependence on the cooperativity. The maximum internal
conversion efficiency (ηi = 1) is achieved when the cooperativity C = 1. Also the internal conversion efficiency can
never be larger than unity, due to the photon number conservation imposed by Eq. (S.8).
II. DEVICE FABRICATION PROCEDURE
The 800 nm AlN film is grown on a Si wafer with 2-µm-thick SiO2 layer by the radio frequency magnetron reactive
sputtering, using pure aluminum (99.999%) targets in an argon and nitrogen gas mixture. Optical waveguides are
patterned with electron beam lithography (EBL) using hydrogen silsesquioxane (HSQ) resist, subsequently transferred
to the AlN layer by chlorine-based reactive ion-etching (RIE). Then 400 nm SiO2 is deposited with plasma-enhanced
chemical vapor deposition (PECVD), followed by device annealing at 940 oC. After annealing, NbTiN superconducting
film is sputtered on top of SiO2by the magnetron sputtering method. A second EBL is performed to define the
microwave resonator pattern with HSQ, which is transferred to the NbTiN layer by chlorine-based RIE. A test device
instead of the device used in experiment is cleaved along with the diameter of the AlN optical ring resonator to verify
the consistence beween fabricated device and our design. The SEM picture of the device cross section is shown in Fig.
S2. As we can see from the SEM picture, the optical waveguide width (3µm) and the gap between optical waveguide
and microwave electrode (400 nm) match our design.
III. IDENTIFYING PHASE MATCHING CONDITIONS FOR OPTICAL MODES
We use the r13 electro-optic coefficient of AlN, therefore the fundamental TE optical mode, fundamental TM optical
mode, and the TE microwave mode are needed in our triple-resonance scheme. As the microwave mode has much
smaller frequency and azimuthal number than optical modes, we first identify the condition that TE and TM optical
modes have the same frequency and azimuthal number. The waveguide geometry is designed that TE and TM modes
have the same phase velocity, thus the same azimuthal number. In a ring structure, the frequency degeneracy between
TE and TM optical modes with the same azimuthal number will be broken due to the non-vertical sidewall of AlN
waveguides as shown in Fig. S3a. Anti-crossing between TE and TM modes can be observed, with the mode coupling
strength (half of the minimum frequency difference) determined by the sidewall angle and the ring radius. At the
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Figure S3. Anti-crossing between TE and TM optical modes. a Simulated frequency difference between TE and TM
optical modes with the same azimuthal number (ma = mb) around 194THz frequency. b, c Mode profiles of the hybrid optical
modes when the frequency difference is smallest in a. Arrows represent the electric field direction, and the color saturation in
b and c shows the mode energy density. Ring radius is 240µm, and the AlN thickness is 800 nm in simulation.
Figure S4. Measured spectrum signature of mixing between TE and TM modes. a Optical transmission spectrum
with pure TE optical input. b Zoom-in of the optical transmission spectrum around 1555 nm. Mode splitting and extinction
decrease indicate the mixing between TE and TM modes.
anti-crossing point, the two optical modes cannot be classified as pure TE or TM mode anymore. Instead, the two
optical modes are the mixture of TE and TM modes (Fig. S3b and c).
The mixing between TE and TM modes provides the spectrum signature to identify the phase matching condition.
If we tune the optical input in the bus waveguide to be TE mode, we can only observe one group of TE optical modes
at the output if there is no mixing between TE and TM modes. If the TE and TM azimuthal numbers approach each
other, mixing between TE and TM modes takes place, and we can observe two groups of modes, corresponding to the
two mixed modes.
In Fig. S4, we show the measured TE optical spectrum of a AlN ring with radius 240µm and width 2.1µm. Beside
the fundamental TE optical modes, we observe another group of modes around 1555nm, showing the mixing between
TE and TM modes. In addition, the mode extinction ratio also drops, as the coupling rate between the bus waveguide
and ring resonator drops. In Fig.S5, we plot the wavelength difference between two adjacent optical resonances. When
there is no mixing between TE and TM modes, the wavelength difference corresponds to the free spectral range of
the ring resonator. When the mixing happens, the wavelength difference drops below half of the free spectral range,
and the smallest wavelength difference gives us the anti-crossing strength between TE and TM modes. Beside the
main anti-crossing around 1555 nm, we can also observe anti-crossing around 1538 nm and 1573 nm, corresponding to
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Figure S5. Wavelength difference between adjacent resonances. The resonant wavelengths of all optical modes from
Fig. S4 are extracted, and the adjacent resonance distance is computed by subtracting the resonant wavelength of the one
optical mode by its previous optical mode.
Figure S6. Phase matching wavelength and anti-crossing strength. a Anti-crossing strength dependence on ring radius.
The cases for ma = mb and |ma −mb| = 1 are shown in blue and red respectively. b Phase matching wavelength dependence
on the waveguide width, with ring radius 240 µm.
the azimuthal number different of 1. As we can see, the anti-crossing strength is much smaller for |ma − mb| = 1
compared with ma = mb (Fig. S6a). Here, the mode mixing between the TE and TM modes for |ma −mb| = 1 is
from the surface roughness and the perturbation induced by the external coupling waveguide.
As the vacuum coupling efficiency is inversely proportional to the square root of the ring radius (Eq. (S.3)), we
should minimize the ring radius to maximize the vacuum coupling rate. Therefore, instead of using TE and TM
modes with the same azimuthal number (ma = mb), we use the TE and TM modes with azimuthal number different
by 1 (|ma −mb| = 1), which have a much smaller mode anti-crossing. Accordingly, the microwave azimuthal number
should also be designed to be 1, which will be explained in detail in Sect. III.
With the same ring radius, the phase matching wavelength can be fine-tuned by the waveguide width, which
modifies the phase velocity differently for the TE and TM optical modes. Figure S6b shows that the phase matching
wavelength can be tuned by 70 nm with a waveguide width change of 600 nm. Therefore we can precisely control
the phase matching wavelength to match different wavelength bands, providing the possibility for wavelength domain
multiplexing.
IV. INFLUENCE OF OPTICAL MODE MIXING ON THE VACUUM COUPLING RATE geo
As we can see from the last section, the anti-crossing between TE and TM optical modes sets the lowest possible
microwave frequency if triple resonance scheme is used. Furthermore, the vacuum coupling rate is decreased due to
the mixing between TE and TM optical modes. The system Hamiltonian for the mode mixing is
Hx = ~gx(a†b+ ab†). (S.17)
where gx is the mode mixing strength between TE and TM optical modes. Since gx  geo, we first diagonalize the
optical part of the Hamiltonian by introducing the hybrid optical modes as(
A
B
)
=
(
cos θ sin θ
− sin θ cos θ
)(
a
b
)
(S.18)
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Figure S7. Vacuum coupling rate with hybrid optical modes. In Bloch sphere representation, the north and south poles
are the TE and TM optical modes respectively, and the electro-optic interaction is equivalent to the rotation along y-axis.
Three cases are shown: a, no mixing; b, maximum mixing; c partial mixing. The effective coupling rate will be g, 0, and
g cos 2θ respectively.
where A and B are the operators for hybrid optical modes, and θ ∈ [−pi4 , pi4 ], satisfying
tan 2θ = 2gx
ωa − ωb . (S.19)
The eigenfrequencies of the hybrid optical modes are
ωA =
ωa + ωb
2 +
√
g2x + (
ωa − ωb
2 )
2, (S.20)
ωB =
ωa + ωb
2 −
√
g2x + (
ωa − ωb
2 )
2. (S.21)
The minimum frequency difference is therefore 2gx, which corresponding to the frequency gap in the anti-crossing
spectrum.
By inverting Eq. (S.18), we can obtain (
a
b
)
=
(
cos θ − sin θ
sin θ cos θ
)(
A
B
)
. (S.22)
Plugging Eq. (S.22) into Eq. (S.2), we obtain the modified electro-optic interaction Hamiltonian
HI,m = ~geo cos 2θ(A†B +AB†)(c+ c†). (S.23)
= ~geffeo (A†B +AB†)(c+ c†). (S.24)
Comparing with the original interaction Hamiltonian, the modified Hamiltonian has the same form, but lower effective
coupling strength geffeo = geo cos 2θ.
When the detuning between the two original optical modes is zero, thus θ = 45o, the effective electro-optic interac-
tion vanishes. This phenomena can be intuitively shown with the Bloch sphere. Assuming the north and south poles
are the TE and TM optical modes respectively, then the electro-optic interaction is equivalent to the rotation along y-
axis (Fig.S7a). When there is mode anti-crossing and the detune is zero, the two renormalized optical modes involved
are maximally hybridized mode, whose directions are along y-axis, thus the rotation along y-axis will not induce the
mode conversion between the two renormalized modes (Fig. S7b). Therefore, the detuning must be non-zero, and
the effective vacuum coupling rate is geo cos 2θ (Fig. S7c). When the detuning is much larger than the anti-crossing
strength, the vacuum coupling rate approaches the original value geo.
V. MICROWAVE RESONATOR DESIGN
This planar microwave resonator can be treated as two coupled lumped element microwave resonators, where the
central disk and surrounding arms provide the dominant capacitance and inductance respectively. The two lumped
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Figure S8. Microwave resonator simulation. a Simulated electric field distribution of the anti-symmetric mode. b
Simulated electric field distribution of the symmetric mode. The microwave modes shown here are simulated by ANSYS HFSS,
and the arrow color shows the relative strength of the elelctric field.
microwave resonators are coupled through the connection at the central disk. The resonator has symmetric and
anti-symmetric modes due to the coupling between capacitors. The simulated electric field distribution is plotted in
Fig. S8a and b. The symmetric mode has uniformly distributed electric field with the azimuthal angle φ, thus the
azimuthal number mc = 0, satisfying the phase matching condition for ma = mb. And the anti-symmetric mode has
a sinφ dependence, thus strong component of mc = 1, satisfying the phase matching condition for |ma −mb| = 1.
The lumped element microwave resonator can provide very small electric mode volume, which is critical for en-
hancing the vacuum coupling rate (Eq. S.3). Also the resonant frequency can be varied by adjusting the arm length
of the resonator. Thus the capacitance part of the resonator can be kept fixed, making it easy to match the optical
cavity and resonant frequency simultaneously. Another advantage of this design is that the long-arm inductor allows
supercurrents to generate magnetic flux far-extended from the chip surface, making it feasible to inductively couple
the microwave resonator with an off-chip loop probe for broadband high-efficiency microwave signal input and readout.
VI. MEASUREMENT SETUP
The experiment setup is shown in Fig. S9. Coherent light from a tunable laser diode (TLD) is used as the control
light, which is sent into an single side-band modulator (SSBM) to generate a weak probe light. The modulation
RF signal is from a network analyzer (NA). Then a erbium doped fiber amplifier (EDFA) is used to amplify the
control light. Light is coupled to and from the on-chip bus waveguide through a pair of grating couplers, which only
transmit TE light. The output light is detected by the high frequency photodetector (PD). The output signal of the
photodetector is amplified by a RF amplifier (Amp), and de-modulated with network analyzer. The microwave port
of the device is directly connect to the network analyzer. A high voltage source (HVS) is used to provide the static
electric field across the device for optical resonance tuning.
VII. DEVICE TEMPERATURE CALIBRATION
The strong control light can heat up the device, which may degrade the microwave resonator performance. In
order to calibrated the device temperature, we measure the microwave resonant frequency and linewidth at different
ambient temperatures without light input. As we can see from Fig. S10, the resonator frequency drops and the
linewidth increases with the temperature increase. Therefore, by measuring the microwave resonant frequency and
linewidth at base temperature with strong control light, we can infer the effective temperature of the microwave
cavity. The linewidths at 2.0K, 2.5K, and 3.0K are 0.64MHz, 0.58MHz, and 0.54 MHz respectively. As shown in
Fig. 2E and Fig.4E in the main text, the microwave resonance linewidth is around 0.55MHz under 8 dBm optical
pump, indicating that the effective temperature of the device is around 2.1K.
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Figure S9. Experiment setup for microwave-to-optical photon conversion. TLD, tunable laser diode; EDFA, erbium
doped fiber amplifier; SSBM, single side-band modulator; FPC, fiber polarization controller; DUT, device under test; HVS,
high voltage source; PD, photo-detector; Amp, RF amplifier; NA network analyzer.
Figure S10. Microwave resonator performance under different temperature.
VIII. EFFICIENCY CALIBRATION
The cooperativity C of 0.075 ± 0.001 is estimated from the fitting of the blue curve in Fig. 3C in the main text,
leading to internal efficiency ηi around (25.9± 0.3)% based on Eq. (S.16). From the resonance extinction ratio |Ri|2,
the photon extraction efficiency can be calculated ηi,ex = κi,exκ =
1−|R|
2 assuming under-coupled condition with i = b, c
for optical signal and microwave modes respectively. From Fig. 2 C & E in the main text, the resonance extinction
ratio of optical signal and microwave modes can be extracted, |Rb|2 = 0.139±0.002 and |Rc|2 = 0.229±0.002, leading
to extraction efficiency ηb,ex = κb,exκb = 0.313± 0.002 and ηc,ex =
κc,ex
κc
= 0.261± 0.001 respectively. Thus the on-chip
efficiency can be estimated η = κb,exκb
κc,ex
κc
ηi = (2.11 ± 0.03)%. We also followed the calibration procedure in Ref.
[7]. The complete conversion matrix is measured as shown in Fig. 4 in the main text, including optical reflection
Soo, microwave reflection See, microwave-to-optical conversion Soe, and optical-to-microwave conversion Seo. The
on-resonance conversion efficiency is normalized by the off-resonance reflection amplitude, thus the gain and loss of
the measurement circuit are excluded. Assuming that the conversion efficiency is the same for both directions, we
estimate (2.05 ± 0.04)% on-chip efficiency, which agrees well with the estimation based on the cooperativity and
extraction efficiency.
Based on the cooperativity C and the resonance linewidth, the enhanced coupling strength can be estimated
Geo = 2pi× (1.76± 0.05) MHz. The pump photon number inside the pump optical mode is (3.2± 0.1)× 107, with the
uncertainty determined by the insertion loss (supplementary material of Ref. [34]). Therefore the effective vacuum
coupling rate estimated from experimental results is
geffeo,exp = 2pi × (310± 10) Hz. (S.25)
Using finite-element-method simulation with the actual device geometry estimated from Fig. S2, the field distributions
(ua, ub, uc) of the optical pump and signal modes, and the microwave mode can be obtained (Fig. 1D, E, & F). Plugging
the field distributions into Eq. (S.4) and assuming r113 = 1 pm/V [21], the vacuum coupling rate for our device can
be calculated as geo = 2pi × (520± 50) Hz, with the uncertainty determined by the parameter difference between the
design and fabricated device estimated from Fig S2. Together with the optical mode mixing strength obtained from
S9
Eq. (S.19), the calculated effective vacuum coupling rate is
geffeo = geo cos(2θ) = 2pi × (330± 30) Hz, (S.26)
which agrees with our experimental estimation.
IX. ADDED NOISE DURING CONVERSION
In addition to the conversion efficiency η, the added noise during the conversion process is also an important figure
of merit. There are mainly two sources of noise, thermal excitation of the microwave cavity and photons generated
by the parametric interaction ~G(b†c† + bc).
By including the counter-rotating term b†c† + bc , we have the
− iωb (ω) = −
(
iδb +
κb
2
)
b (ω)− iGc (ω)− iGc† (−ω) +√κb,exbin (ω) δ (ω − δb,in) +√κb,inbn (ω) , (S.27)
− iωb† (−ω) = −
(
−iδb + κb2
)
b† (−ω) + iGc (ω) + iGc† (−ω) +√κb,exb†in (ω) δ (−ω − δb,in) +
√
κb,inb
†
n (−ω) , (S.28)
− iωc (ω) = −
(
iωc +
κc
2
)
c (ω)− iGb (ω)− iGb† (−ω) +√κc,excin (ω) δ (ω − ωc,in) +√κc,incn (ω) , (S.29)
− iωc† (−ω) = −
(
−iωc + κc2
)
c† (−ω) + iGb (ω) + iGb† (−ω) +√κc,exc†in (−ω) δ (−ω − ωc,in) +
√
κc,inc
†
n (−ω) ,
(S.30)
Here, bn (ω) and cn (ω) are the noise from the intrinsic loss channels of the optical and microwave cavities respectively.
The noise correlators can be expressed as following〈
b†n (ω) bn (Ω)
〉
= 0 (S.31)〈
bn (Ω) b†n (ω)
〉
= δ (ω − Ω) (S.32)〈
c†n (ω) cn (Ω)
〉
= ncδ (ω − Ω) (S.33)〈
cn (Ω) c†n (ω)
〉
= (nc + 1) δ (ω − Ω) (S.34)
By solving Eq. (S.27) - (S.30) and the input-output relations Eq. (S.11) & Eq. (S.12), we can obtain the output
signal at phase matching condtion δb = ωc〈
b†out (ω) bout (ω)
〉
= ηc→b
〈
c†in (ω) cin (ω)
〉
+Nb,add +Nb,para, (S.35)〈
c†out (ω) cout (ω)
〉
= ηb→c
〈
b†in (ω) bin (ω)
〉
+Nc,add +Nc,para, (S.36)
with the conversion efficiency
ηc→b =
κb,exκc,ex
κbκc
4C
(1 + C)2
+ κb,exκc,ex
κbκc
C
(C + 1)4
[(
C2 + 2C
) κ2b
4ω2c
+
(
1 + 4C + 2C2
) κ2c
4ω2c
+ 2Cκcκb4ω2c
]
+O(1/ω3c ), (S.37)
ηb→c =
κb,exκc,ex
κbκc
4C
(1 + C)2
+
+ κb,exκc,ex
κbκc
C
(C + 1)4
[(
C2 + 2C
) κ2c
4ω2c
+
(
1 + 4C + 2C2
) κ2b
4ω2c
+ 2Cκcκb4ω2c
]
+O(1/ω3c ), (S.38)
The added noise due to the thermal environment is
Nb,add =
4C
(1 + C)2
κb,exκc,in
κbκc
nc, (S.39)
Nc,add =
4
(1 + C)2
κc,inκc,ex
κ2c
nc. (S.40)
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And the noise due the counter-rotating term is
Nb,para =
C
(C + 1)2
κb,ex
κb
Cκ2b + κ2c
4ω2c
, (S.41)
Nc,para =
C
(C + 1)2
κc,ex
κc
κ2b + Cκ2c
4ω2c
(S.42)
Compare with Eq. (S.15), the additional term in the conversion efficiency is the counter-rotating term induced
amplification. For our experiment parameters with κb/2pi = 294 MHz, κc/2pi = 0.55 MHz, and ωc/2pi = 8.31 GHz,
we estimated the modification of the conversion efficiency η → η (1 +A) due to the parametric amplification factor
A ∼ (C
2+2C)
4(1+C)2
κ2b
4ω2c
= 1.0× 10−5 for the achieved C ∼ 0.075. This indicates that the RWA is valid for our experiments.
For the added noise, we have the thermal excitation nc ∼ 4.5 for T ∼ 2 K, thus Nb,add ∼ 0.3 and Nc,add ∼ 3, which
can be further reduced by working at lower temperature. In addition, the noise due to parametric amplification can
be estimated, Nb,para ∼ 5× 10−7 and Nc,para ∼ 5× 10−6, which are negligible in our current experiments.
